Accurate barrier heights are obtained for the 26 pericyclic reactions in the BHPERI dataset by means of the high-level Wn-F12 thermochemical protocols. Very often, the complete basis set (CBS)-type composite methods are used in similar situations, but herein it is shown that they in fact result in surprisingly large errors with root mean square deviations (RMSDs) of about 2.5 kcal mol . The finding that CBS-type methods fail for barrier heights of these reactions is unexpected and it is particularly troublesome given that they are often used to obtain reference values for benchmark studies. Significant differences are identified in the interpretation and final ranking of density functional theory (DFT) methods when using the original CBS-QB3 rather than the new Wn-F12 reference values for BHPERI. In particular, it is observed that the more accurate Wn-F12 benchmark results in lower statistical errors for those methods that are generally considered to be robust and accurate. Two examples are the PW6B95-D3(BJ) hybrid-meta-generalgradient approximation and the PWPB95-D3(BJ) double-hybrid functionals, which result in the lowest RMSDs of the entire DFT study (1.3 and 1.0 kcal mol 21 , respectively). These results indicate that CBS-QB3 should be applied with caution in computational modeling and benchmark studies involving related systems.
Introduction
Accurate computational prediction of chemical reaction rates requires the determination of reaction barrier heights with methods that can routinely achieve "chemical accuracy," usually defined as deviations within 1 kcal mol 21 from accurate reference data. For example, according to the Arrhenius equation, a change of only 1.4 kcal mol 21 in the reaction barrier height corresponds to a change of one order of magnitude in the reaction rate at room temperature. A few computationally economical composite procedures that are applicable to relatively large systems (with up to 20-30 nonhydrogen atoms) have been developed over the past two decades.
[1] These include the Gaussian-n (Gn) methods (e.g., G4, [2] G4(MP2), [3] G4(MP2)-6X, [4] and G3X-K [5] ) and the complete basis set (CBS)
methods (e.g., CBS-APNO [6] and CBS-QB3). [7] These procedures use MP4 and/or MP2-based additivity schemes in order to approximate the CCSD(T) energy (coupled cluster with singles, doubles, and quasiperturbative triple excitations) in conjunction with a triple-f quality basis set. Generally speaking, these procedures have been found to produce gas-phase thermochemical and kinetic properties (such as bond dissociation energies, enthalpies of formation, reaction energies and barrier heights) with mean absolute deviations (MADs) from reliable experimental or theoretical data below the threshold of "chemical accuracy". [1] [2] [3] [4] [5] [6] [7] [8] [9] Due to their attractive accuracy-tocomputational cost ratio, these procedures gained tremendous popularity and are now widely used for obtaining reaction barrier heights for both chemical applications (see Reference [10] for recent applications of Gn methods and Reference [11] for CBS methods) and benchmarking of more approximate theoretical procedures. [12] [13] [14] [15] [16] [17] [18] Given the broader applicability of these computationally economical procedures, compared for example with composite methods that aim at reproducing the CCSD(T) infinite basis-set-limit energy (e.g., Wn, [19] Wn-F12, [20] and ccCA [21] ), it is important to identify cases for which these procedures do not perform well so that their application in such instances would be handled with caution. [1a,b] Woodward and Hoffmann defined pericyclic reactions as "reactions in which all first-order changes in bonding relationships take place in concert on a closed curve." [22] Examples for this important reaction class include Diels-Alder cycloaddition, sigmatropic shift, electrocyclization, and cheletropic reactions. [22] Over the past decade a number of datasets of barrier heights of pericyclic reactions have been constructed for the purpose of benchmarking the performance of KohnSham density functional theory (DFT) [23] and low-level ab initio procedures. [12, 13] Houk and coworkers have constructed two such datasets. [12] The first dataset (hereinafter referred to as set-I) comprised 11 electrocyclic, cycloaddition, cycloreversions, and sigmatropic-shift reactions involving unsaturated hydrocarbons. [12a] The second dataset (hereinafter referred to as set-II)
included 18 1,3-dipolar cycloaddition reactions involving heteroatom-containing 1,3-dipoles, and ethylene and acetylene dipolarophiles.
[12b] The third dataset (hereinafter referred to as set-III) was constructed by Sastry and coworkers and included Diels-Alder cycloaddition reactions of seven dienes (butadiene and six five-membered heterocyclic rings) with ethylene. [13] The reference data for sets I and II were originally obtained using the CBS-QB3 procedure [7] and for set-III at the CCSD(T)/ 6-31G(d) level of theory. Martin and coworkers obtained W1 reaction barrier heights for eight reactions of set-I and found large deviations between the CBS-QB3 and W1 values. [24, 25] In particular, for these eight reactions the CBS-QB3 procedure attains an MAD of 1.7 kcal mol 21 relative to W1, with the largest deviation (in absolute value) being as large as 3.2 kcal mol 21 . The general-purpose GMTKN30 database for maingroup thermochemistry, kinetics, and noncovalent interactions combined 10 reaction barrier heights from set-I, nine from set-II, and the seven from set-III into a representative dataset of 26 barrier heights of pericyclic reactions (known as the BHPERI dataset, Table 1 ). [15, 16] The BHPERI dataset adopted the eight W1 reaction barrier heights for set-I and CBS-QB3 barrier heights for all the rest of the reactions. In the present work we calculate W1-F12 and W2-F12 reference numbers for the reactions in the BHPERI dataset and use these benchmark values to evaluate the performance of a variety of composite [e.g., CBS-QB3, CBS-APNO, G4, and G4(MP2)] and standard ab initio (e.g., MP2, SCS-MP2, MP3, and MP4) procedures. We find that the popular CBS-QB3 and CBS-APNO procedures result in very large deviations from our benchmark Wn-F12 values, with root mean square deviations (RMSDs) of 2.4 and 2.6 kcal mol
21
, respectively. The considered Gn methods result in smaller deviations, in particular G4 shows good performance with an RMSD below the threshold of chemical accuracy (namely, 0.8 kcal mol 21 ). Of the standard ab initio procedures SCS-MP2 and the herein newly introduced MP3.5 procedures emerge as the best performers with RMSDs of 1.4 and 0.6 kcal mol
, respectively. We proceed to investigate the performance of a large variety of contemporary DFT and double-hybrid DFT (DHDFT) [26, 27] methods using our new Wn-F12 reaction barrier heights as a reference. Given its computational efficiency, DFT has become the workhorse in routine quantum-chemical applications. Although DFT itself is an exact theory, we have to rely on approximations to the "true" exchange-correlation functional and an unfortunate trend in density-functional-approximation (DFA) research is the large "zoo" of such approximations, [28] which at times can not only be intimidating to the general DFT users, but it can also confuse method developers. Therefore, designing new DFAs goes hand in hand with the construction of reliable benchmark sets to assess their accuracy before they can be used in subsequent applications.
[8f ] While in the 1990s, the main interest of benchmark studies lay on properties such as heats of formation (or total atomization energies), electron affinities or ionization potentials, [29] the focus shifted towards more "chemically inspired" problems in the 2000s, especially on reaction energies, barrier heights and noncovalent-interaction energies. [8a-d,8f-i,25,30] The realization that not all DFAs are necessarily equally applicable to different kinds of chemical problems also sparked the development of compilations of benchmark databases to better gauge the robustness of a specific method. Such compilations were particularly promoted by Truhlar and coworkers [31] and most recently by Goerigk and Grimme, who published the aforementioned GMTKN30 database. [15, 16] GMTKN30 is a compilation of 30 benchmark sets, including the herein discussed BHPERI set, and it has allowed thorough assessments of by now more than 50 different DFAs covering the entire range of Perdew's Jacob's Ladder [32] classification of density functionals. [17, 27, 33] Thus, benchmark studies have their own important place in method development and assessment. Furthermore, it speaks for itself that the accuracy of the reference method is of utmost importance, as reference numbers of varying quality provide different outcomes and allow for completely different functional recommendations. Given that improved hardware architectures now allow the application of more "elaborate" methods, it is always worthwhile to reassess older, established methods against those more accurate ones. This is particularly important when said established methods are considered to be "gold standard" and are frequently used for obtaining reference data in benchmark studies. We recently demonstrated this point for relative energies in biologically relevant tetrapeptide conformations, where we showed that the popular MP2 method combined with a split-valence triple-f basis set was inadequate for correctly predicting their relative energies. [34] We found that when this level of theory is used for benchmarking DFAs, it favors hybrid DFT functionals over doublehybrids, which is counterintuitive considering that the latter belong to a higher rung in the Jacob's Ladder scheme. We additionally showed that when accurate CCSD(T)/CBS values are used as the reference the expected functional order is restored.
The herein presented Wn-F12 results for the BHPERI set allow us to carry out a conceptually similar analysis. We do not aim to recommend particular DFAs for the calculation of barrier heights of pericyclic reactions, but instead we aim to show how functional trends change when switching from less accurate (e.g., CBS-QB3) to more accurate (e.g., Wn-F12) benchmark values. Given that benchmark studies will always have to be carried out for newly developed methods, our DFA assessment serves as a reminder to emphasize the importance of the accuracy of reference data in such crucial investigations.
Computational Methods
To obtain reliable reference barrier heights for the reactions in the BHPERI dataset, calculations have been carried out using the high-level, ab initio Wn-F12 procedures (n 5 1 and 2) with the Molpro 2012.1 program suite. [35] W1-F12 and W2-F12 theories [20] (and their earlier versions W1 and W2.2) [19, 36] represent layered extrapolations to the relativistic, all-electron CCSD(T)/ CBS (coupled cluster with singles, doubles, and quasiperturbative triple excitations basis-set-limit energy). These composite theories can achieve "sub- to reference atomization energies at the FCI infinite basis-set limit. [20] Therefore in the present work we obtain reaction barrier heights with W1-F12 for systems containing only first-row elements and with W2-F12 for systems containing second-row elements. W1-F12 and W2-F12 theories combine explicitly correlated F12 techniques [37] with basis-set extrapolations in order to approximate the CCSD(T) infinite basis-set-limit energy. For the sake of making the article self-contained, we will briefly outline the various steps in these theories (for further details see Refs.
[9] and [20] ). In W2-F12 the Hartree-Fock (HF) component is calculated with the VQZ-F12 basis set (where VnZ-F12 denotes the cc-pVnZ-F12 basis set of Peterson et al. [38] , which was specifically developed for explicitly correlated calculations). Note that the complementary auxiliary basis set singles correction is included in the self-consistent-field (SCF) energy. [39] [40] [41] The valence CCSD-F12 correlation energy is extrapolated from the VTZ-F12 and VQZ-F12 basis sets, using the E(L) 5 E 1 1 A/L a two-point extrapolation formula, with a 5 5.94. Optimal values for the geminal Slater exponents (b) used in conjunction with the VnZ-F12 basis sets were taken from Ref. [42] . The quasiperturbative triples, (T), corrections are obtained from standard CCSD(T)/VTZ-F12 calculations (i.e., without inclusion of F12 terms in the CCSD(T) procedure) and scaled by the factor f 5 0.987 3 E
MP2-F12
/E MP2 . This approach has been shown to accelerate the basis set convergence. [20, 43] In all of the explicitly correlated coupled cluster calculations the diagonal, fixed-amplitude 3C(FIX) ansatz [40, [44] [45] [46] and the CCSD-F12b approximation are employed. [41, 43] The CCSD innershell contribution is calculated with the core-valence weighted correlation-consistent aug'-cc-pwCVTZ basis set of Peterson and Dunning, [47] whilst the (T) innershell contribution is calculated with the cc-pwCVTZ(no f ) basis set (where ccpwCVTZ(no f) indicates the cc-pwCVTZ basis set without the f functions). The main difference between W1-F12 and W2-F12 theories is that W1-F12 uses smaller basis sets for extrapolating the HF, CCSD-F12, and (T) contributions. Specifically, the HF and CCSD-F12 contributions are extrapolated from the VDZ-F12 and VTZ-F12 basis-sets using the two-point extrapolation formula with a 5 5.00 and 3.38, respectively. [9, 20] The (T) valence correlation energy is obtained in the same way as in the original W1 theory, [19, 20] that is, extrapolated from the A'VDZ and A'VTZ basis sets with a 5 3.22 (where A'VnZ indicates the combination of the standard correlation-consistent cc-pVnZ basis sets on H, [48] the aug-cc-pVnZ basis sets on first-row elements, [49] and the aug-cc-pV(n1d)Z basis sets on second-row elements). [50] As W1-F12 and W2-F12 theories represent layered extrapolations to the all-electron CCSD(T) basis-set-limit energy, it is of interest to estimate whether the contributions from post-CCSD(T) excitations are likely to be significant. The percentage of the total atomization energy accounted for by parenthetical connected triple excitations, %TAE e [(T)], has been shown to be a reliable energy-based diagnostic for the importance of nondynamical correlation effects. It has been suggested that %TAE e [(T)] < 2% indicates systems that are dominated by dynamical correlation, while 2% < %TAE e [(T)] < 5% indicates systems that are characterized by mild nondynamical correlation.
[ . These values suggest that these TSs are dominated by mild nondynamical correlation effects and that our bottom-of-the-well CCSD(T)/ CBS benchmark reaction barrier heights should be well below $1 kcal mol 21 from the barrier heights at the FCI basis-set limit.
[8f, 20] We use our W1-F12 and W2-F12 benchmark barrier heights to evaluate the performance of a wide range of composite Gntype procedures (namely, G4, [2] G4(MP2), [3] G4(MP2)26X, [4] G3, [51] G3(MP2), [52] G3B3, [53] and G3(MP2)B3), [53] and CBS-type methods (namely, CBS-APNO [6] and CBS-QB3).
[7] The calculations for the Gn and CBS procedures were performed using the Gaussian 09 program suite. [54] We also assess the performance of the CCSD(T) method using an additivity-based approach in which the CCSD(T)/A'V{T,Q}Z energy is estimated from the CCSD(T)/A'VDZ base-energy and an MP2-based basisset-correction term (DMP2). This cost-effective approach, which gives very good results for noncovalent interactions, [34, 55] has been recently shown to give excellent performance for reactions that involve double-bond migrations in conjugated dienes. [8a,b] Here, we consider a more general version of this method in which the basis-set-correction term (DMP2) is not restricted to second-order Møller2Plesset perturbation theory. Our additivity-based approach is based on the formula:
where DMPn is given by:
In eq. (2), the MPn/CBS energy (n 5 2, 3, 4) is extrapolated to the basis-set limit from the A'V{T,Q}Z basis set pair using exponents of 5 and 3 for the Hartree-Fock and MPn correlation contributions, respectively. [56] We also evaluate the performance of a number of standard and modified Møller2Plesset procedures (e.g., MP2, MP3, MP4, MP2.5, [57] SCS-MP2, [58] and SCS-MP3 [59] ). Similarly to the way to the MP2.5 procedure was defined as the average of MP2 and MP3, we define MP3.5 as the average of MP3 and MP4. We find that MP3.5 gives excellent performance that outperforms all of the considered Møller2Plesset-type procedures for the calculation of the reaction barrier heights in the BHPERI dataset (see Results and discussion). Because BHPERI is part of the GMTKN30 database, it has already been investigated with a large number of density functionals. [17, 27] In most of those cases, Grimme's DFT-D3 dispersion correction with "zero-damping" [60] has been applied and it has been established that London-dispersion plays a decisive role on the barrier heights given the respective system sizes. [17] However, since the publication of GMTKN30, the updated DFT-D3 variant with Becke-Johnson [61] (BJ) damping has been shown to be even more accurate. [62] For our purpose, we therefore take the raw electronic energies from the previous studies and correct them with the newer DFT-D3(BJ) variant using Grimme's standalone program dftd3. [63] The only exception are most of the Minnesota functionals, as they are not compatible with DFT-D3(BJ). [17] Additionally, we also run calculations with the B2K-PLYP [25, 64] double-hybrid functional that was specifically designed for the description of barrier heights. These calculations are carried out with ORCA 3.0.2.
[65]
The DFT-D3(BJ) parameters had to be newly determined for B2K-PLYP and they are listed in the SI. In total, we analyze data for 45 density functionals covering the four highest rungs of Jacob's ladder. They comprise 14 functionals belonging to the general-gradient approximation (GGA; rung 2), three metaGGAs (rung3), 22 global and range-separated hybrids (rung 4), and six double-hybrids (rung 5). The whole list of tested functionals is shown in the SI. All the DFT calculations are carried out in conjunction with the large def2-QZVP [66] quadruple-f basis set to ensure nearly complete basis-set convergence of the results to better gauge the functionals' "true" performance. Herein, we assess the DFAs against the original and our new Wn-F12 reference values for BHPERI. Finally, we note that for a rigorous comparison with the DFT data, secondary effects that are not included in the DFT calculations, such as relativity, and zero-point vibrational energy corrections, are excluded from the Wn-F12 reference values. The Wn-F12 calculations were carried out using the reference geometries from the GMTKN30 database. [15, 16] However, as they are different from the level of theory prescribed in the Wn-F12 protocol for the geometry optimization (B3LYP-D3(BJ)/ A'VTZ), we assess the effect of changing the reference geometry on the W1-F12 reaction barrier heights (Supporting Information Table S2 ); in this context also note that dispersioncorrections have been shown to be beneficial in DFT geometry optimizations of organic molecules. [62, 67] Inspection of Supporting Information cases (with the exception of reaction 6 for which a difference of 1.3 kcal mol 21 is observed, see SI for further details). Nevertheless, as all the previous DFT and ab initio benchmark studies have used the reference geometries from the GMTKN30 database, we choose to use these geometries in order to facilitate a direct comparison with the previous studies. It is unlikely that the final trends discussed in the next sections would be affected by this.
Results and Discussion
Performance of CBS-type procedures Table 2 gives an overview of the performance of economical composite procedures for the reaction barrier heights in the BHPERI dataset. We start our discussion with the CBS-type methods CBS-QB3 and CBS-APNO because of their particular relevance in this study. Other composite methods are discussed in the following section. The CBS-QB3 method, which was previously used for obtaining most of the reaction barrier heights in the BHPERI dataset, gives poor performance with an RMSD of 2.4 kcal mol 21 from our benchmark Wn-F12 values.
The computationally more expensive CBS-APNO method, which usually shows better performance than CBS-QB3 for reaction energies, [1a,8e,8i] results in even a higher RMSD of 2.6 kcal mol 21 . Both of these procedures systematically underestimate the reaction barrier heights, as evident from their mean signed deviations (MSDs) having the same absolute magnitudes as their MADs. In both cases the largest underestimation is obtained for the cycloaddition involving two 1,3-cyclo-pentadiene rings (reaction 9, Table 1 ). In particular, CBS-QB3 underestimates this barrier by 4.7 kcal mol 21 and CBS-APNO underestimates it by as much as 5.4 kcal mol 21 . Table 3 gives the RMSDs for the subsets in the BHPERI dataset (see also Table 1 ). Inspection of Table 3 reveals that the CBS methods fail most notably for the cycloaddition reactions in set-I and the Diels-Alder cycloaddition reactions in set-III. Specifically, the RMSDs for the CBS methods vary between 3.1 and 4.1 kcal mol 21 for these two subsets of cycloaddition reactions. We note that the RMSDs for the electrocyclic, sigmatropic shift and 1,3-dipolar cycloaddition subsets are smaller (namely, they vary between 1.4 and 2.1 kcal mol 21 , Table 3 ).
These findings come as a surprise because such large deviations for reaction barrier heights are rarely found for the CBStype composite procedures. Given the widespread use of these procedures for benchmarking DFT and for quantum chemical modeling it is important to highlight cases for which they do not perform well. How our findings influence the evaluation of approaches, such as DFAs, is discussed later. However, first we analyze the performance of other popular ab initio methods for these reaction types.
Performance of other composite procedures
We begin this section with an evaluation of the popular Gntype methods: G4, G4(MP2), G4(MP2)26X, G3, G3(MP2), G3B3, and G3(MP2)B3. The G4-type procedures show significantly better performance than the CBS-type procedures. For the entire BHPERI database G4 attains an RMSD of 0.8 kcal mol 21 (Table 2) . Furthermore, the G4 procedure gives excellent performance for four out of the five subsets of the BHPERI dataset (Table 3) Tables 2 and 3 ). All in all, the G4-type procedures are clearly superior to the CBS procedures, for example, for the entire BHPERI dataset the RMSD of G4 (0.8 kcal mol 21 ) is smaller by nearly 70% than that of CBS-QB3 (2.4 kcal mol 21 ). Furthermore, for the various subsets in Table 3 the RMSDs of G4 are smaller than those for CBS-QB3 by about 50-80%. Regarding the performance of the G3-type procedures, we note that the G3B3 and G3(MP2)B3 systematically give better performance than G3 and G3(MP2), respectively. However, there seems to be no merit in using the G3-type procedures over the more recent G4-type procedures, as the latter have a similar computational cost and in general give better performance (Tables 2 and 3) . We now turn our attention to the performance of the CCSD(T)/CBS method approximated by eq. (1). Calculating the DMPn basis-set-correction term in eq. (1) at the MP2 level (i.e., the CCSD(T)/CBS(MP2) method) results in excellent performance with an RMSD of only 0.6 kcal mol 21 for the entire BHPERI dataset. We note that this cost-effective method outperforms all of the Gn-type composite methods-including the G4 procedure, which gives an overall RMSD of 0.8 kcal mol 21 . Inspection of Table 3 reveals that the CCSD(T)/ CBS(MP2) method yields RMSDs that are below the threshold of "chemical accuracy" for all the subsets of the BHPERI dataset. Namely, the RMSDs are: 0.4 (all subsets of Set-I) and 0.7 (Set-II and Set-III) kcal mol 21 . We also note that the largest deviation (underestimation) is 1.1 kcal mol 21 . For comparison the largest deviation for the G4 methods (again an underestimation) is about 2.5 times higher (namely, 2.9 kcal mol 21 ).
We examine the effect of calculating the DMPn basis-setcorrection term eq. (1) using higher-orders of perturbation theory. Using MPn 5 MP3 (i.e., the CCSD(T)/CBS(MP3) method) leads to an overall RMSD of 0.3 kcal mol 21 for the entire BHPERI dataset. This RMSD is smaller by a factor of two compared with the RMSD of 0.6 kcal mol 21 obtained for the CCSD(T)/CBS(MP2) method. Note also that the largest deviation for the CCSD(T)/CBS(MP3) method is 0.6 kcal mol 21 (Table   2) , and the RMSDs for all the subsets of the BHPERI dataset are well below the threshold of "chemical accuracy." Namely, they are: 0.2 (1,3-dipolar cycloaddition and electrocyclic reactions), 0.3 (Diels-Alder cycloadditions), 0.4 (sigmatropic shifts), and 0.5 (cycloaddition reactions of Set-I) kcal mol 21 (Table 3) .
These results are consistent with previous findings for the barrier heights for multiple proton exchange reactions in water, ammonia, and hydrogen fluoride clusters.
[8d] In particular, it was found that the performance of methods based on eq. (1) and the RMSDs for nearly all the subsets are slightly higher for the latter method (apart from the cycloaddition reactions of Set-I, Table 3 ).
Performance of perturbative wave-function procedures
We turn now to the performance of standard and spincomponent-scaled Møller2Plesset perturbation theory for the reaction barrier heights in the BHPERI dataset. We note to begin that MP2, MP3, and MP4 perform poorly with RMSDs for the entire BHPERI dataset of 8.0, 4.2, and 3.5 kcal mol 21 , respectively ( Table 2 ). MP2 and MP4 systematically underestimate the barrier heights (MSD 5 213MAD), whereas MP3 systematically overestimates them (MSD 5 MAD). This is consistent with the MP2, MP3, and MP4 results obtained for a range of tautomerization reactions, [8a,b] and barrier heights in proton-transfer reactions involving multiple proton exchanges. [8c,d] Furthermore, as the TSs of pericyclic reactions may partly be viewed as dispersion-bound complexes, these trends are also consistent with the tendency of MP2 and MP4 to overbind dispersion-bound complexes and MP3 to underbind them. [57, 58, 68] In this situation, MP2.5, which is an average of MP2 and MP3, outperforms both MP2 and MP3. However, MP2.5 still results in a rather large RMSD of 2.2 kcal mol 21 for the entire BHPERI dataset. We note that MP2.5 has been developed for the description of binding energies in noncovalently bound dimers, and our assessment goes beyond its originally intended use. The MP3.5 procedure, which is similarly defined here as the average of MP3 and MP4, outperforms MP2.5, MP3, and MP4 with an RMSD of merely 0.6 kcal mol 21 . We note that MP3.5 gives RMSDs below 1 kcal mol 21 for all the subsets of the BHPERI dataset (specifically, RMSD 5 0.3-0.8 kcal mol
21
, Table 3 ). Scaling the same-spin and opposite-spin components of the MP2 correlation energy in the SCS-MP2 procedure largely eliminates the bias of MP2 to underestimate the reaction barrier heights, that is, the MSD improves from 27.6 (MP2) to 20.7 (SCS-MP2) kcal mol 21 . The overall RMSD for the SCS-MP2 procedure is 1.4 kcal mol 21 . Therefore, the new MP3.5 procedure is the only MPn-based procedure that attains an RMSD below the threshold of "chemical accuracy" (Table 2 ). The performance of the standard and modified MPn procedures in Tables 2 and 3 is evaluated at the basis-set limit (i.e., at the MPn/A'V{T,Q}Z level of theory). It is also of interest to evaluate the performance of these procedures using smaller basis sets. Table 4 gives an overview of the basis-set convergence for the MPn-based procedures. The tabulated values give the difference between the RMSDs obtained with A'V{T,Q}Z basis set pair (reported in Table 2 ) and those obtained with smaller basis sets, DRMSD 5 RMSD(A'VnZ) 2 RMSD(A'V{T,Q}Z), n 5 D, T, and Q. Thus, a positive DRMSD indicates that the use of the smaller basis set results in an overall deterioration in the performance of the method, whereas a negative value indicates an improvement in performance with the smaller basis set. Inspection of Table 4 reveals that the MP2, MP4, MP2.5, MP3.5, and SCS-MP2 procedures converge fairly smoothly to the basis-set limit. Using the A'VQZ basis set results in RMSDs that are larger by up to 0.4 kcal mol 21 than those obtained at the basis-set limit.
For these methods, the use of the A'VTZ basis set results in RMSDs that are larger by about 1 kcal mol 21 than those obtained at the basis-set limit (with the exception of MP3.5 which seems to converge faster to the basis-set limit with a DRMSD of 0.5 kcal mol 21 ). The A'VDZ basis set results in DRMSDs > 2 kcal mol 21 and is therefore not recommended.
Finally, we note that MP3 and SCS-MP3 have negative DRMSDs, that is their performance deteriorates with the size of the basis set due to error cancelation between basis set incompleteness errors and "high-level corrections" (CCSD(T) -MP3 or CCSD(T) -SCS-MP3) differences.
On the quality of the reference values in a DFT benchmark study
The main purpose of this section is to demonstrate in what way reference values of different quality can affect a DFA benchmark study. Supporting Information To further analyze the importance of this finding, we average the statistical values for each rung of Jacob's Ladder. For instance, an averaged RMSD for GGA functionals means that we obtained 22 separate RMSDs over the BHPERI set for all tested GGAs and then formed the average over those values. Average RMSDs, MSDs and error ranges are shown in Table 5 . First of all, we notice that all averaged MSDs are shifted down by 1.6 kcal mol 21 when going from the old to the new Wn-F12 benchmark-a value that again is chemically significant. MSDs can be used to identify specific trends, such as a systematic over-or under-estimation of the reaction barrier heights, or a rather balanced description if MSDs are close to zero. A change in reference values can therefore also influence the way those trends are perceived. For the GGA functionals this appears not to be a problem because already with respect to the old reference they tend to strongly underestimate barrier heights (averaged MSD 5 -4.4 kcal mol 21 ). This effect is simply more pronounced for the Wn-F12 benchmark (averaged MSD 5 -6.0 kcal mol 21 ). Contrary to that, we see a different picture for the remaining DFAs, particularly for the hybrids and double-hybrids. In the case of the original reference values, the first show on average an overestimation of about 1.1 kcal mol
, while the latter seem to be very balanced with an averaged MSD close to zero. This picture is reversed for the new benchmark, with the hybrids being closer to zero and the double-hybrids having an averaged MSD of 21.5 kcal mol 21 .
Thus, it is obvious that the quality of reference values directly influences our general perception of a method. The overall accuracy in benchmark studies is usually gauged with MADs or, as herein, with RMSDs. The averaged RMSDs are given in Table 5 . Both sets of reference data order the functionals according to the Jacob's Ladder scheme, with GGA functionals yielding the largest errors and double-hybrids the smallest. However, a significant difference between using the old and new reference values can be seen for GGA functionals Table 4 . Overview of the basis set convergence of standard wavefunction procedures for the calculation of the barrier heights in the BHPERI database (DRMSDs, kcal mol 21 ).
[a]
Method A'VDZ [b] A'VTZ [c] A'VQZ [25, 64] gives a barrier height of 19.6 kcal mol 21 for reaction 24 (see Table 1 ), which overestimates the CBS-QB3 barrier by 1.4 kcal mol 21 , but underestimates the W1-F12 result by 1.8 kcal mol 21 . A second reason is that two methods "swap places," meaning that an average over both of them gives rise to very similar statistics. For instance, with respect to CBS-QB3, the hybrid M052X-D3 [69] slightly overestimates the barrier of reaction 20 by 0.4 kcal mol 21 , while the hybrid PW6B95-D3(BJ) [70] overestimates it by 2.4 kcal mol. The order of those two functionals and the absolute magnitude of their deviations reverse when going to W1-F12, with M05-2X-D3 underestimating the barrier by 2.7 kcal mol 21 , while PW6B95-D3(BJ)
deviates only by 20.7 kcal mol 21 .
Finally, Table 5 also shows averaged error ranges, which can give further insight into a method's robustness and reliability. Also here, both sets of reference values provide the smallest error ranges for double-hybrids. For all four functional classes the new, higher-quality reference values ultimately yield smaller error distributions than the old ones. The largest effect for changing the reference can be seen for the hybrid functionals. While with respect to CBS-QB3/W1 they have an average error range close to that of the GGAs (10.3 vs. 10.7 kcal mol 21 ), the gap between hybrids and GGAs is larger for the updated reference values (8.3 vs. 9.9 kcal mol
). Thus the interpretation about the robustness of hybrids relatively to GGAs changes. As expected from the discussion in the previous sections, the new reference values have the largest impact on sets II and III, as eight of the ten reactions in set-I already had W1 numbers as the reference, which are practically the same as W1-F12. However, overall the same conclusions can be drawn as for the entire BHPERI set (see Supporting Information Tables S6 and S7 ). Noteworthy is the influence of the new reference values on set-III for which we notice a large decrease in all MSDs of 3.1 kcal mol 21 ! Usually a benchmark study ends with recommending a method that particularly works well for the investigated problem. The BHPERI set of 26 barrier heights had been designed to be part of the large GMTKN30 database, which had the aim to test methods for the robustness and to recommend only those that seemed to be generally applicable over an entire range of chemical problems. In the spirit of GMTKN30 and because our aim is not to identify one particular functional that works well for pericyclic reactions, we therefore try to limit such recommendations to a minimum. Nevertheless, we can demonstrate how the quality of the reference data does influence the process of identifying promising methods. For that purpose we contemplate not only the best method, but rather the functional ranking, which means we demonstrate which functionals can be considered the three best and the three worst in their respective class. Such rankings are shown for GGAs, hybrids and double-hybrids in Table 6 ; meta-GGAs are left out of this discussion, as we have only analyzed a total of three. As Table 6 shows, the effect of the quality of the reference values has only a small influence on the GGA functionals and the three best and three worst methods are very similar for both sets of reference numbers. Contrary to that, some surprising changes are observed for the hybrids and double-hybrids. According to the old CBS-QB3/W1 benchmark, TPSS0-D3(BJ) [79] is the best hybrid, followed by the more established M052X-D3, B1B95-D3(BJ) [84] and B3LYP-D3(BJ) [82] approaches. TPSS0 is similar to the TPSSh hybrid, [81] only with 25% of Fock exchange instead of 10%. This recommendation seems rather exotic, as TPSS0 has not been established as particularly robust [17] nor has it appeared very often in the literature. Indeed, when the new reference values are applied, TPSS0 disappears from the list of the best three functionals and moreover the related TPSSh-D3(BJ) is now identified as the worst hybrid for BHPERI. M052X-D3 and B3LYP-D3(BJ) remain in the list of the top three hybrids, however the best hybrid with respect to the new reference values turns out to be PW6B95-D3(BJ). We note that PW6B95 has been found to be one of the most accurate and robust hybrid functionals for [75, 78] (7.5) Hybrid 1. TPSS0 [79] (2.0) PW6B95 [70] (1.3) BH-LYP [80] (6.2) TPSSh [81] (5.9) 2.
M05-2X [69] (2.0) B3-LYP [82] (1.5) LC-xPBE [83] (5.1) BH-LYP (4.4) 3.
B1B95 [84] /B3-LYP (2.3) M05-2X (1.7) M05 [85] (5.0) M06-HF [86] (4.0) Double-Hybrid 1. DSD-BLYP [87] (1.4) PWPB95 [16] (1.0) PWPB95 (2.3) DSD-PBEP86 [88] (2.7) 2.
B2GP-PLYP [25] (1.4) B2K-PLYP [64] (1.5) B2-PLYP [26] (1.7) DSD-BLYP (2.3) 3.
B2K-PLYP (1.4) B2GP-PLYP (1.8) DSD-PBEP86 (1.5) B2-PLYP (2.0)
The numbers were obtained with respect to the original CBS-QB3/W1 ("Old") and Wn-F12 ("New") reference values.
[a] All functionals are dispersioncorrected with Grimme's DFT-D3(BJ), except for M052X and M06HF, which were corrected with DFT-D3 and "zero-damping." The D3 suffix was omitted in the table for better clarity.
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[8e,h], [17, 25, 62, 64, [89] [90] [91] [92] In this sense, it is encouraging to see that using reference values with a better quality, also the statistics of known accurate DFAs seem to improve. In passing, we also note that functionals that are more likely to be free from the self-interaction error (SIE) appear in the list of the worst three functionals. Examples are range-separated methods, such as LC-xPBE-D3(BJ), [83] or functionals with relatively large fractions of Fock-exchange (BH-LYP-D3(BJ) [80] and M06HF-D3). [86] It is therefore conceivable that also SIEunrelated problems contribute to the DFAs' deviations from the reference values, in contrast to other common barrierheight test sets. [17,30a,b] We end our discussion with an analysis of double-hybrid functionals. In this context it is important to keep in mind that the energetic differences among those are much smaller than for the other classes of functionals and that our comparison here is done at a very high level. In other words, usually any of the six tested double-hybrids can be used in related applications with reasonable reliability. Similar to what has been seen for hybrids, two functionals belong to the best three approaches for both sets of reference values, namely the general-purpose functional B2GP-PLYP-D3(BJ) [25] and the kinetics functional B2K-PLYP-D3(BJ), which in contrast to the hybrids is the only specific functional for kinetics that stands out in this study. These two methods yield the same RMSD for BHPERI as the DSD-BLYP-D3(BJ) [87] functional (1.4 kcal mol 21 ) with respect to the original reference.
However, when reanalyzing BHPERI with the new reference values, the gap between the functionals increases and moreover PWPB95-D3(BJ) [16] moves to the top of the list with the best RMSDs of the entire study of 45 DFAs (1.0 kcal mol
21
). Interestingly, the same method is the worst of the six tested doublehybrids when benchmarked against the old numbers (RMSD 5 2.3 kcal mol
). However, PWPB95 has generally been shown to be accurate and reliable and the new analysis based on the updated reference values goes perfectly in line with those previous findings. [16, 17, 27, 34, 91] As with PW6B95 for the hybrids, we therefore see again that better reference values give better statistical values for methods that are already been known to be robust and accurate. The last statement is further strengthened by the fact that a similar connection between quality of the benchmark and accuracy of reliable DFAs has also been found for the relative stability of tetrapeptide conformations. [34] Thus, we can state that although we have only dealt with one specific benchmark set, the demonstrated influence of the reference values on the interpretation of DFA applicability is representative for general benchmarking problems.
Conclusions
We obtain accurate electronic barrier heights for the 26 reactions in the BHPERI dataset, which includes electrocyclic ringclosing, sigmatropic-shift, and 1,3-dipolar and Diels-Alder cycloaddition reactions. Originally, most of the reaction barrier heights in BHPERI had been obtained with the popular composite CBS-QB3 method. Herein, we report new benchmark values for all 26 reactions by means of the high-level, ab initio W1-F12 and W2-F12 thermochemical protocols. These benchmark reaction barrier heights allow us to evaluate the performance of more approximate theoretical procedures for the calculation of barrier heights of pericyclic reactions. We initially assess the composite thermochemical procedures CBS-QB3 and CBS-APNO, followed by the Gn-type approaches and estimated CCSD(T)/CBS(MPn) procedures. We find a surprisingly large deviation for CBS-QB3 with an overall RMSD of 2. respectively. The finding that CBS-QB3 fails for barrier heights of pericyclic reactions comes as a surprise, as this method generally gives reliable thermochemical and kinetic data. We therefore advise caution when applying this method to similar problems and recommend the use of the other procedures outlined above. The importance of obtaining accurate thermochemical and kinetic data is particularly important in the framework of DFT benchmarking, as demonstrated in an analysis of 45 density functionals covering the four highest rungs of the Jacob's Ladder classification. In 64% of the tested cases significant differences are observed when the Wn-F12 values were used as a reference instead of the CBS-QB3 values. In particular, the RMSDs and MSDs change by more than 1 kcal mol 21 in these cases. The error ranges for most density-functional-theory approximations were also smaller when the new reference numbers were used. Although both sets of benchmark values reproduce the correct functional order according to Jacob's Ladder, they provide different functional rankings. Furthermore, in some cases the CBS-QB3 reference values favor functionals that had not been routinely applied before (e.g., TPSS0), while the Wn-F12 reference values favor methods that had been shown to be robust and accurate for general applications in previous benchmark studies (e.g., PW6B95 and PWPB95). In other words, the errors for density functionals that have been previously shown to give better general performance decrease when the more accurate benchmark values are used.
Finally, we conclude that dispersion-corrected double-hybrid density functionals belong to the most accurate methods in our study, outperforming (SCS-)MPn methods, thus confirming previous studies. [17, 34] Moreover, for the barrier heights in the BHPERI dataset, double-hybrids are more accurate than the CBS-QB3 method. This is in itself an important finding, particularly as CBS-QB3 has been used before to assess the performance of doublehybrids for this dataset. [16, 17, 27] Of the double-hybrid functionals, PWPB95-D3(BJ) and B2K-PLYP-D3(BJ) give the best performance with RMSDs of only 1.0 and 1.5 kcal mol
21
, respectively.
